Abstract
INTRODUCTION
Yeasts, as an inevitable part of the microflora of various fermented foods and beverages, are found in a wide range of foods from plant or animal origin, where they have a significant impact on food safety and organoleptic propdecades as dietary supplements because of their high contents of vitamin B, proteins, peptides, amino-acids and trace minerals. Regardless of their non-human origin, such non-pathogenic yeasts fulfill the major criteria for probiotic definition [1] . Interest in probiotic yeasts has increased, especially in relation to animal feed but also for human applications. Hence, yeasts are rarely (if ever) associated with outbreaks or cases of food-borne illness and, through their history, many yeast species are recognized as safe, as confirmed by their Qualified Presumption of Safety status, assigned by the European Food Safety Authority (http://www.efsa.europa.eu). However, some rare cases of Saccharomyces boulardii (S. boulardii) fungemia have been reported, although they are essentially restricted to immunocompromised patients or associated with patients being contaminated through a central venous catheter [2] . Also, identification of the contaminating yeast strains in some cases could be questioned, as it was often based on cross-reacting anti-yeast mannan circulating antibodies, shared with Candida species.
Although S. boulardii was originally selected using rather empiric methods, this yeast species has many proven benefits in various gastrointestinal diseases [3] [4] [5] and is well recognized as the non-bacterial prototype of a probiotic. Multiple mechanisms have been suggested that explain the broad health-promoting effects of consuming food grade yeasts, ranging from local general trophic effects to action on both innate and/or adaptive immunity [6, 7] . The yeast-induced probiotic signals might be either prophylactic or therapeutic in a defined pathologic context or in a specific application.
Most reported effects of yeasts as probiotic organisms in clinical trials stand for alleviation of (1) antibioticassociated diarrhea; (2) infectious diarrhea [including recurrent Clostridium difficile (C. difficile) related diseases, CDAD]; (3) irritable bowel syndrome; and (4) inflammatory bowel diseases (IBD). Focusing on IBD, S. boulardii efficacy was both observed in Crohn's disease [8] and by favoring remission of ulcerative colitis [9] . Most of the therapeutic approaches in IBD were also using anti-inflammatory drugs such as mesalamine concomitantly and the exclusive use of yeast as possible ecological treatment has not been tested, most probably for ethical reasons. The anti-inflammatory potential of yeasts has been addressed by many in vitro studies elaborating on multiple mechanisms [4, 7] . Surprisingly, data using yeasts in animal models of colitis are very scarce and the precise mechanism(s) of action by which such intervention may exert its beneficial effects in vivo is consequently poorly documented. Dalmasso et al [10] have reported a beneficial action of secreted yeast molecules on T cell migration in the chronic model of CD4+CD45RB
hi T-lymphocytes transfer into SCID mice. The same authors have also reported the preventive effect of S. boulardii in an acute murine 2-4-6-trinitrobenzene sulfonic acid (TNBS) model, characterized by a strong inhibitory activation of NFκB and the reduction of mRNA for pro-inflammatory cytokines together with decreased histological scores of inflammation [11, 12] . Consistently, a similar TNBS-induced model of colitis, although developed for a more therapeutic approach in rats, also showed appreciable reduction of histological scores and pro-inflammatory colonic markers by S. boulardii (including cytokines but also metabolites of pro-oxidative pathways such as iNOS). The proposed mechanism depended on PPAR activation by the probiotic yeast [13] , a regulator previously demonstrated to reduce intestinal inflammation [14] . Finally, yeast-driven therapy in a DSSinduced colitis model was also successfully demonstrated in mice [15] , even when this chemically induced colitis was amplified by Candida albicans colonization. Because the model is known to affect epithelial crypt cells and destroy barrier integrity without intervention of the adaptive immune system [16] , it was suggested that the contribution of yeast-mediated protection was restricted to the switching off of the innate mechanisms of colitis and/or to the enhancement of the mucosal barrier integrity.
Very few yeast strains have been studied as possible biotherapeutics agents and, at the moment, S. boulardii is the only yeast commercialized for human use, and consequently the single preparation formally recognized as probiotic. However, other Saccharomyces spp. or members of other yeast genera with similar or possibly better therapeutic properties will certainly be isolated in the future [17, 18] . Hence, distinct non pathogenic yeast strains may have their own impact on gut homeostasis, sharing some of the common mechanisms of S. boulardii, but also other more specific consequences or even novel prophylactic or therapeutic effects.
Considering the widespread use of lactic acid bacteria and bifidobacteria as probiotics, it is now well accepted that all strains are not equally beneficial, that each may have individual mechanisms of action. Furthermore, host characteristics (e.g. flora composition or immune status) may determine which probiotic species or strains may be optimal [19] . Peran et al [19] conclude that it would be interesting to compare different probiotics in the same experimental model, in order to establish the best profile in a given setting. Likewise, this reasoning can be extent towards "friendly yeasts" as far as evaluation is conducted for a specific use without generalizations about probiotic effects [20, 21] . In this paper, we compared yeast strains in their ability to induce cytokines on human peripheral blood mononuclear cells (PBMC). Our results also demonstrated that some yeast strains exhibit significant anti-inflammatory activities in vivo; whereas other may have weaker inflammation lowering effects or no anti-inflammatory effect at all. Thus, as for probiotic bacteria [20] , strainspecific differences were seen for yeasts, suggesting that careful selection of strains for therapeutic use is required for preclinical and further clinical studies, including for applications in IBD.
MATERIALS AND METHODS

Microbial strain preparation and growth conditions
All Saccharomyces strains used in this study and listed (Table 1) , including baker's yeast S. boulardii and wine-related strains, were originally isolated from a proprietary germoplasm bank of S. cerevisiae (Societe Industrielle Lesaffre 147 Rue Gabriel Peri, BP 6027, 59700 Marcqen-Baroeul Cedex, France). They were all provided by Lesaffre as a similar dry form with a cell concentration near to 1 × 10 10 colony-forming units (CFU)/g. The different dried yeast products were processed and enumerated as follows. For both in vitro and in vivo assays, yeast was rehydrated with phosphate buffered saline (PBS) (pH 7.2) 1:10 (w/v) at room temperature, and adjusted to an appropriate concentration in CFU/mL. For this purpose, cellular counts together with viability, expressed in %, were routinely performed using a hematimeter (type Thoma) combined with a Trypan blue exclusion method. More than 95% viability was preserved following rehydration. Enumeration was also confirmed a posteriori by plating on YPD-agar and allowing growth during 2 d at 30℃ and 37℃.
Some bacterial strains were used as reference strains for immune cell stimulation as previously described [24] , also listed (Table 1) . Lactobacillus strains were grown under limited aeration at 37℃ in MRS medium (Difco) and a Bifidobacterium strain was grown anaerobically in MRS supplemented with 0.05% L-cysteine-hydrochloride (Sigma). Lactococcus lactis MG1363 was grown at 30℃ in M17 medium supplemented with 0.5% glucose. Escherichia coli (E. coli) was grown at 37℃ in LB medium (Difco). Bacterial cells were grown until stationary phase, washed and resuspended at 1 × 10 9 CFU/mL in PBS containing 20% glycerol and stored at -80℃ until required for later assays. Some routine analyses were also performed using a portable photometer (Densimat bioMerieux) [25] . Cells were adjusted to McFarland 3 and stored at -80℃.
In vivo resistance to gastrointestinal tract Groups contained 10 mice. When needed, fecal samples from 5 mice were collected, pooled, weighed and mechanically homogenized in sterile neutral and isotonic buffer at 50 mg/mL of feces. Dilutions were plated onto the "yeast-selective" tetracycline (150 μg/mL) YPD-agar (Yeast extract, Peptone, Dextrose, as described elsewhere [26] . No tetracycline-resistant microorganisms (bacteria or fungi) were detected in non-inoculated mice, indicating no or negligible basal colonization of mice gastrointestinal tract (GIT) by non-pathogenic yeast nor Candida species.
PBMC isolation
PBMCs were isolated from peripheral blood of healthy donors as previously described [24] . Briefly, after a Ficoll gradient centrifugation (Pharmacia, Uppsala, Sweden), mononuclear cells were collected, washed in RPMI 1640 medium (Live technologies, Paisley, Scotland) and adjusted to 2 × 10 6 cells/mL supplemented with gentamicin (150 g/mL), L-glutamine (2 mmol/L), and 10% foetal calf serum (Gibco-BRL) supplementation.
Induction of cytokine release PBMC (2 × 10
6 cells/mL) were seeded in 24-well tissue culture plates (Corning, NY). Twenty microliters of the thawed bacterial or yeast suspensions at 10 9 CFU/mL in PBS containing 20% glycerol (bacteria:cell or yeast: cell ratio of 10:1) or standardized at homogeneous cell density, were added. PBS containing 20% glycerol was used as a negative (non-stimulated) control. On the basis of preliminary time-course studies, 24 h stimulation corresponded to the best time point for cytokine responses of bacteria stimulated-PBMCs. After 24 h stimulation at 37℃ in an atmosphere of air with 5% CO2, culture supernatants were collected, clarified by centrifugation and stored at -20℃ until cytokine analysis. Concerning yeast stimulation, freshly rehydrated powders were used at distinct yeast:cell ratios (from 0.1:1 to 5:1), with or without the presence of fungizone (amphotericin B, 10 μg/mL). Neither medium acidification nor bacterial or fungal proliferation was observed. Cytokines were measured by enzyme-linked immunosorbent assay (ELISA) using BD Pharmingen antibody pairs (BD Biosciences, San Jose, Ca, USA) for interleukin (IL)-10, interferon γ (IFNγ) and IL-12p70, and R&D systems (Minneapolis, Mn, USA) for human tumor necrosis factor (TNF), according to the manufacturer's recommendations.
Induction of colitis and inflammation scoring
BALB/c mice (female, 7 to 8 wk old) were obtained from Charles River (St Germain sur l'Arbresle, France). A standardized murine TNBS colitis model was used in which moderate levels of inflammation were induced [27] . Briefly, a 50 μL solution of 100 mg/kg TNBS (Sigma) in 50 % ethanol was slowly administered in the colon via a 3.5 F catheter. Freshly rehydrated yeast suspensions (100 μL), containing 1 × 10 9 CFU/mL in NaHCO3 buffer were administered intragastrically to mice each day, starting 4 d before until the day of TNBS administration while control mice received the corresponding buffer. Mice were weighed, bled from the retro-orbital venous Lactococcus lactis Cheese starter [22] TG1 Escherichia coli Commensal strain [23] LV01/ CNCM I-3799 plexus and killed 72 h after TNBS administration. Cleared sera were frozen and stored until cytokine assays at -20℃. Colons were removed, washed and opened longitudinally. Inflammation grading was performed by two blinded observers, using the Wallace scoring method [28] . Results are expressed as % protection, corresponding to the reduction of the mean macroscopic inflammation score of treated mice (n = 10) in comparison to the mean score of TNBS-treated control mice (NaHCO3 buffer-treated mice, n = 10) [27] . Histological analysis was performed on May Grünwald-Giemsa stained 5 μm tissue sections from colon samples fixed in 10% formalin and embedded in paraffin and tissue lesions were scored according to the Ameho criteria [29] . Additionally, the degree of polymorphonuclear neutrophil infiltration of the distal colon was assessed by quantifying myeloperoxidase (MPO) -a neutrophil granule enzyme -as reported earlier [30] . A commercial preparation of prednisone (Cortancyl, Sanofi Aventis, France) was used as a positive control of protection and was orally administered for 2 subsequent days at 10 mg/kg starting at the day before TNBS administration. When needed, heparinized whole blood was collected by retroorbital puncture and, after separation, mice sera samples were stored at -20℃ for subsequent analysis.
Cytokine and serum amyloid A protein assays
Murine IL-6 and serum amyloid A (SAA) protein levels were measured by ELISA using commercial antibodies from Pharmingen antibody pairs (BD Biosciences, San Jose, Ca, USA), and Biosource International (Camarillo, Ca, USA), respectively, with a lower limit of sensitivity of 15 pg/mL for IL-6 and 30 ng/mL for SAA.
Statistical analysis
All analyses were performed as comparison of experimental groups with respective controls by the nonparametric one-way analysis of variance Mann-Whitney U-testing, or by Student-T testing where appropriate. Differences were judged to be statistically significant when the P value was < 0.05. Data are presented as mean ± SE.
Ethical considerations
All experiments were performed in an accredited establishment (number 59-35009; Institut Pasteur de Lille, France) and using approved guidelines according to French Ethical Committee and European Union Normatives (number 86/609/CEE).
RESULTS
Production of cytokines by human PBMCs in response to food-grade yeast strains
To determine the optimal dose of yeast that can induce cytokine production in human PBMCs, immuno-competent cells were first stimulated with three different multiplicity levels of infection (0.1:1, 1:1 and 5:1) of three live yeast strains and compared with immuno-stimulatory effects of reference bacteria (ranging from weak to strong inducers). Substantial amounts of IL-10, and to a lesser extent for TNF were dose-dependently induced by yeast cells ( Figure 1A and B, respectively) while no or very low levels of the pro-inflammatory indicators IL-12 p70 and IFNγ could be detected following yeast stimulation ( Figure 1C and D) . Following these results, the yeast: host cell ratio of 1:1 was retained for further comparative analyses between strains in order to mimic physiological interactions between cells but without saturating the stimulatory capacity. In addition, the variable responsiveness due to individual blood donors was highly minimized by expressing data as % of a reference strain instead of in pg/mL, as shown (Figure 2, panel A and B) . PBMCs from 5 donors were stimulated with each of the six yeast strains covering distinct subspecies and origins (Table 1 ).
All individual strains of yeast induced relatively high levels of the anti-inflammatory IL-10, reaching the values generally obtained with lactobacilli (mean/max values 535/2300 pg/mL). However, in contrast to bacteria, no significant strain-specificity was observed among different strains of yeasts, which all induced similar levels of cytokines ( Figure 3A) . Analysis of the cell culture supernatants revealed moderate induction of TNF after yeast stimulation, as compared with bacterial stimulation, again without a clear strain dependency ( Figure 3B ). Yeasts induced extremely low levels of the pro-inflammatory signals IL-12 and IFNγ as compared to some bacteria such as Lactococcus lactis MG1363 or Lactobacillus acidophilus NCFM ( Figure 3C and D) . Concerning the intrinsic immunostimulatory capacity of yeast cells in vitro, we can conclude that no specific stimulation pattern could be discriminated among the six strains, while all strains favored anti-inflammatory profiles with a high IL-10/IL-12 ratio, low induction of TNF and negligible levels of IFNγ.
Resistance of various yeasts strains to the GIT passage
Next to the effect of yeasts on cytokine induction on PBMCs in vitro, we compared the ability of the 3 strains LV01, LV02 and LV09 to survive the digestive tract of mice. Following 0, 1 and 5 consecutive days of intragastric feeding of 10 8 CFU of each of the yeasts, faecal enumeration showed equivalent survival counts for all the strains with a progressive increase with the duration of the treatment (Figure 4 ). The systematic increase by 2 log units between day 1 and day 5 suggests that proliferation occurs in the gut, rather than simple transit and shedding. Although we cannot speculate on the long term persistence and colonization of the yeast species, a 5-d-treatment clearly leads to a noticeable presence of living yeasts in the colon lumen (up to 10 8 CFU/g for the 3 strains). A significant faecal recovery of yeast colonies from healthy mice was still detectable 10 d after the last feeding (more than 10 5 CFU/g, data not shown). It is noteworthy to mention that neither diarrhoea nor slight changes in faecal character, nor weight disturbance or other deleterious signs were observed in mice treated with those food-grade yeasts.
Comparative preventive capacity of yeasts in alleviating experimental colitis
In order to evaluate whether the administration of distinct yeast strains equally impacted on TNBS-induced colitis, we compared the performance of the three strains LV01, LV02 and LV09 with the anti-inflammatory corticoid drug (prednisone) which we and others previously used in this experimental setting [31, 32] . Since some anti-inflammatory effects of lactobacilli were observed both after oral and systemic administration [33, 34] , we assessed whether intraperitoneal administration of the yeast LV01 could also rescue mice from colitis.
Rectal administration of TNBS causes progressive weight loss in vehicle-treated mice, reaching up to 22.5% of the initial weight 72 h after induction of colitis ( Figure 5A and B) . As expected, prednisone prevented body weight loss associated with experimental colitis (-3.3%, P < 0.001). The oral treatments by the 3 yeast strains also significantly attenuated the deleterious weight changes for the LV01 (-9.9%, P < 0.01), and to a lesser extent for LV02 and LV09 (18%, P < 0.05). In contrast, the systemic administration of the strain LV01 (LV01-IP) had no additional effect on weight.
After the onset of colitis, anti-inflammatory effects were measured macroscopically for the prednisone-treated as well as for the LV01-treated mice (66% and 27% reduction of macroscopic damage, respectively, P < 0.01, Figure 6A ). More moderately LV02 reduced the colonic insult (18% of control, P < 0.05) while intra-peritoneal injection of LV01 failed to influence the macroscopic scores.
Considering the histological assessment of colitis in various conditions ( Figure 6B ), both the prophylactic treatment by prednisone and LV01 significantly reduced the microscopic scores of inflammation (by 60.3% and 35%, respectively, P < 0.05), while neither LV02 nor LV09 treament could be associated with a significant reduction of the histopathological features observed during active colitis (mucosal erosions, oedema, ulcerations areas and even necrosis). These observations, including thickening of the submucosa and inflammatory infiltrates, were correlated with the colonic myeloperoxidase activities measured (MPO, Figure 6C ) and with similar reductions for the steroid drug and LV01 (P < 0.01). In contrast, no improvement, and even some aggravation, was depicted for strain LV01 provided by the systemic route, as supported by massive neutrophil infiltrates. Representative aspects of the corresponding colon sections are given (Figure 7 ). Mouse colons with vehicletreated TNBS-induced colitis exhibited massive goblet cell depletion and showed disorganized mucosal architecture, including muscle layer necrosis ( Figure 7B ). By contrast, corticoid-treated animals showed a well-conserved appearance, more similar to normal structures despite a slight thickening of the submucosa. Only minor thickening of submucosa and superficial lesions, mainly oedema, were seen in mice treated with the yeast LV01, in complete absence of necrosis. Erosions were more important in LV02-pretreatment, although necrosis was restricted to the upper luminal compartment and the crypt's architecture was still identifiable. Treatment with strain LV09 given orally and strain LV01 after intraperitoneal administration were characterized by prominent inflammatory infiltrates and transmural inflammation with necrosis reaching the deeper muscle layers. The levels of the blood markers of inflammation SAA and IL-6, while significantly increased after TNBS administration, were strikingly reduced by prednisone and LV01 treatments, approaching baseline values (P < 0.01). LV02 strain also minimized the pro-inflammatory cytokine IL-6 in the serum (P < 0.05), with a similar trend observed for SAA (P = 0.055, Figure 8 ).
In conclusion, TNBS caused increases in mucosal and systemic inflammatory symptoms that can be prevented by an orally administered anti-inflammatory drug (prednisone) as well as the food-grade yeast LV01. This was substantiated on the basis of reduction of bodyweight loss, macroscopic damage, histological scores, colonic inflammatory infiltrates and serum markers.
The yeast strain LV02 showed an intermediate protection capacity with sometimes partial and borderline effects in the degree of attenuation, depending on the marker considered. LV09 only lowered the weight loss with no improvement of other colitis-related symptoms. These results support the relevance of yeast for colitis protection, but distinct performance of various strains highly suggests strain-dependent mechanisms.
DISCUSSION
Evidence that yeasts can be used as a probiotic with therapeutic potential in IBD has emerged from clinical trials and experimental models of colitis in animals. However, these studies remained scarce and essentially used the strain S. boulardii, formerly S. cerevisiae var boulardii. In this study we aimed at questioning the differential anti-inflam- [17, 35, 36] , mainly by studying selection criteria such survival at low acid pH and tolerance to bile salts or adhesion on epithelial cells. The predictability for the in vivo situation, however, is limited, as the importance of colonization in strain efficacy remains to be determined in vivo [37] . An example was recently given with a Lactobacillus strain that fulfilled adhesion and survival criteria in vitro but was unable to persist in mice, although exerting immunomodulatory effects [38] . To our knowledge, the comparison of distinct yeast strains based on their ability to induce cytokine secretions by immunocompetent cells was never reported.
Results obtained in this study showed that, in contrast to bacteria [22, 39, 40] , in vitro immunomodulation did not discriminate among various strains. This can be attributed to the more conserved cell-wall structure of the yeasts. However, yeast cells are not inert from an immunological point of view and substantial induction of IL-10, on PBMCs, associated with weak TNF and no release of IFNγ and IL-12, favor, in general, a more antiinflammatory profile than bacteria. This is in agreement with very recent studies using germ-free mice [41] . The three strains used in the murine TNBS-induced colitis exhibited similar colonization patterns in vivo, thus allowing accurate comparisons. Standardization of experimental settings for all evaluations and, as far as possible into the same study, is highly recommended [42] . The present work confirms that a yeast strain (S. boulardii) is able to significantly prevent symptoms in an acute experimental colitis in mice. The 30% protection observed, lower than the protection obtained by a traditional antiinflammatory drug, is consistent with previous reports using the same yeast strain in a rat model of TNBS [13] . By contrast, in another study in rats, TNBS-induced inflammation was only weakly lowered with S. boulardii with the 18% trend, which did not passed the statistics test, while conventional IBD drugs and other probiotic preparations did show significance [43, 44] . Such differences between studies may depend on experimental design including distinct outcomes when considering preventive vs therapeutic applications, as reported e.g. for bacteria in the TNBS colitis model [45] , in the experimental DSS model [46] or even in clinical studies [47] . Hence, these observations emphasize the necessity to compare distinct treatments and strains in a single study. We enlightened here for the first time that, like probiotic bacteria, probiotic yeasts are not equivalent in their capacity to alleviate colitis, despite a similar colonization profile.
The "main contribution" of yeast-mediated antiinflammatory effects is suggested to more address the intestinal barrier properties and epithelial cells rather than an immunocompetent cell-based immunity, because (1) protection triggered by yeasts in vivo is straindependent, whereas together with the immune screening in vitro, was poorly discriminating; and (2) the failure of S. boulardii to induce protection by the systemic route, in contrast to the oral route. Indeed, in contrast to some beneficial bacteria which are able to exert effects distantly from the inflammation site [33, 34, 48] , emphasizing a possible role of migratory cells such as dendritic cells (DC) [31] , yeast-mediated protection seems to take place predominantly in the intestinal mucosa. An intestinal barrier dysfunction in IBD is obvious, although it is not clear yet whether this is a cause or a consequence of the disease [49] . Prophylactic reinforcement and therapeutic restoration of barrier function by changing the luminal environment may successfully stimulate the mucosal barrier. Probiotics are elements of choice to normalize the barrier function, stabilize tight junction components [50] and limit translocation [51] . Trophic effects [52] as well as enhancement of epithelial integrity mediated by yeasts have been extensively described [4, 7] . Reduction of bacterial translocation by oral treatment with yeasts in various models of sepsis also confirmed this functional aspect of probiotic-yeasts [53] [54] [55] . However, other mechanisms including direct yeast-DC interactions were also evoked to explain how S. boulardii exhibits its anti-inflammatory properties [56] . Stimulation may occur in Peyer's patches or in the lamina propria. This mechanism did not seem to be very strain specific and, paradoxically, even Candida albicans was recently reported to induce tolerogenic DC and to positively balance inflammation after adoptive transfer in a mice colitis model [57] . Similarly, soluble β-glucans derived from C. albicans were able to suppress the production of proinflammatory cytokines by PBMCs [58] while mannan from S. cerevisiae impaired the ability of macrophages to kill phagocytosed pathogens [59] . On the other hand, colonization of mice by C. albicans exacerbated DSS-colitis [60] and delayed healing of TNBS colitis [61] . Finally, intraperitoneal injection of zymosan, a polysaccharide cell wall component from S. cerevisiae has been widely used as a (selfresolving) model of acute inflammation [62] . By contrast, yeast extracts administered to mice per os resulted in a significant reduction of the C. difficile-toxin A-mediated COX-2 increase and in the toxin-mediated disruption of epithelial cells [63] . Whether yeast or yeast-derived molecules will have a pro-or anti-inflammatory role may thus greatly depend on the route of administration and consequently on the target cells and tissues.
Nevertheless, we can speculate that oral yeast-induced immunomodulation predominantly addresses intestinal permeability and, based on published data, the immune function of intestinal cells. This is consistent with clinical findings indicating that S. boulardii has a positive effect on the maturation of enterocytes, but only a minor influence on lymphocytes [64] . Our results suggest that further screening for probiotic yeasts may favor the use of epithelial cell or mucosa-integrated models, rather than immunecell based approaches. This will help us to select yeast or fungal strains with important potential in inflammatory conditions or in a context where inflammation is concomitant with enteropathogens such C. difficile and E. coli [65] . Understanding how various strains perform in vivo will allow us to trace specific mechanisms and select or design optimal strains for specific infectious or inflammatory diseases, or even consider new probiotic applications [66] . As some of the yeast-based probiotic mechanisms seem to be distinct from the bacterial ones, possible synergy might be expected from mixing both types of probiotics [67] . This was previously shown in a preclinical study on traveler's diarrhea, where the combination of yeast and bacteria was found to be more effective than each probiotic alone [68] . Using probiotic Saccharomyces spp. alone or in combination with lactic acid bacteria will thus enhance and extend the actual biotherapeutic/probiotic approach in IBD together with conventional anti-inflammatory treatments. Lastly, the strain-specific differences seen in the anti-inflammatory capacity of yeasts may also be extended for clinical use against Salmonella ssp., C. difficile and Candida species, requiring an optimal and controlled formulation of the probiotic product [69] .
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COMMENTS
Background
As for probiotic bacteria, probiotic yeast such Saccharomyces boulardii Foligné B et al . Anti-inflammatory properties of distinct yeast species COMMENTS (S. boulardii) can be effective in gastrointestinal pathologies such as inflammatory bowel disease (IBD) and bacterial-or enterotoxin-mediated diarrhea and inflammation. However, very few yeast strains have been studied as possible biotherapeutics agents. The underlying mechanisms of action of probiotics are not fully understood but there is some evidence that they exert their beneficial effect by multiple and specific modes of action depending on the type of the probiotic (bacteria, yeast), the species and strain.
Innovations and breakthroughs
The yeast-mediated capacity to lower inflammation is suggested to mainly involve epithelial cells and barrier function, as demonstrated by (1) the weakness of specific immunomodulatory response in vitro; and (2) the lack of protection by S. boulardii when administered by the systemic but not the oral route. In contrast with the performance of some probiotic bacteria which the authors previously showed to be directly correlated with their in vitro antiinflammatory potential, the immunoregulatory mechanism of probiotic yeasts fails to directly act on the cytokine level.
Applications
As for probiotic bacteria, strain specificity also matters for yeast as for probiotics, but mechanisms, and consequently screening methods, partly differ between yeast and bacteria. A careful and appropriate selection of strains is then required to screen the biodiversity of yeasts for specific clinical studies including applications in IBD as well as for other dedicated therapeutic uses. This will impact on future product composition to enhance or synergize gastrointestinal related disorders by using probiotics.
Terminology
Probiotics are defined as living microorganisms that may have beneficial effects on health, including mainly food-grade bacteria and non-pathogenic yeasts.
